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ABSTRACT

This paper examines the applica-
tion of the latest in precision elec-
tronic angle measurement instrumenta-
tion, combined with portable computer
technology, to the measurement of the
angles of inclination during inclining
experiments. The Computerized Angle
Measurement System (CAMS), developed by
JJH Inc., will be described as to its

configuration and function including
the methods used in data acquisition to
enhance both its ease of use and accu-
racy of the results. The software for
data acquisition will also be
discussed. The CAMS will be compared
to traditional pendulums and mechanical
tangent inclinometers in the areas of
accuracy, cost, and ease of use. CAMS
will be shown to be a very accurate,
cost effective, and easy to use tool
for angle measurement during inclining
experiments.

INTRODUCTION

The stability characteristics of a
vessel are always a main concern both
during its design and throughout its
service life. Maintaining adequate
stability will ensure the vessel's
ability to operate and to meet mission
requirements. Inadequate stability
will reduce the vessel's operating
ability, cargo carrying capacity or
could lead to disaster.

While much effort has been put
forth in improving the techniques of
weight estimating, weight reduction,
weight control and weight accounting,
during both the design and construction
phases, the inclining experiment
remains the only satisfactory method
for determining the vertical center of
gravity of a vessel either at the
time of construction or throughout its
service life. The inclining experiment
provides the basic data for calculating

the vessel's weight and centers of
gravity in the vertical, longitudinal
and transverse directions for use in
all evaluations of stability.

During an inclining experiment,
certified weights are placed onboard
the vessel and shifted to create known
transverse moments. The heel angles
caused by these moments are accurately
measured and their tangents are plotted
against the moments to yield a straight
line. The vessel's metacentric height
(GM) is determined by dividing the
slope of the plotted line by the
vessel's displacement. A more detailed
description of the inclining experiment

stability test can be found in
References [l] and [2].

Traditionally, the inclining an-
gles have been measured by means of
either pendulums or, in the case of
many U. S. Navy ship inclinings, mech-
anical tangent inclinometers. More
recently, electrical and electronic
devices which display single angle
measurements have occasionally been
employed. Each of these devices is
limited by either the time and expense
involved in fabrication and assembly,
the need for averaging the inclining
angles "by eye", or the lack of a means
for permanent data recording.

In order to overcome the limita-
tions of these devices and to take
advantage of some of the latest tech-
nology in precision electronic angle
measurement instrumentation, the
Computerized Angle Measurement System
(CAMS) was developed.

CONFIGURATION OF THE CAMS

The CAMS consists of a laptop com-
puter, three electronic clinometers, an
RS232 serial communications multiplexer
and a rechargeable battery. All of the
components fit into two brief case size
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cases for easy transport. The general
configuration of the CAMS is shown in
Figure (1).

Fig. 1 Configuration of the CAMS

The brain of the system is the
driving and controlling software
written in BASIC Language and run by
the laptop computer. The software is
menu driven controlling RS232 serial
communications, data acquisition, the
saving of data to floppy disk, on-site
data review and data printing. Figures
(2) and (3) show the main menu and the
readings menu. Not shown is the data
review menu which has options identical
to the readings menu in Figure (3).
These three menus provide an overview
of the various data acquisition and
review options available. Single line
prompts are provided for the other main
menu options and keyboard inputs such
as ship name, weights, and weight
movement dimensions. An example of a
printed report for a typical inclining
is shown in Figure (4).

The system is set-up on a vessel
with the laptop computer, the multi-
plexer and the battery in a weather
protected area, usually the ship's
bridge, with the clinometers placed as
far apart as practical. Each clino-
meter must be placed on a smooth and
solid part of the vessel's structure in
locations where they will not be dis-
turbed. The clinometers need not be
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located on perfectly level   as
will be explained later.

l-INITIALIZE DISK FOR NEW SHIP

2-CALIBRATION

3-TAKE READINGS

4-REVIEW READINGS FROM DISK

5-PRINT DATA TO PRINTER

6-TERMINATE SESSION

ENTER OPTION

Fig. 2 The Main Menu

************DATA RECORDING MENU************
l-INITIAL ZERO 10-1ST RECHECK STBD

2-1ST READING STBD 11-2ND RECHECK STBD

3-2ND READING STBD 12-3RD RECHECK STBD

4-3RD READING STBD 13-4TH RECHECK STBD

5-1ST ZERO RECHECK 14-3RD ZERO RECHECK

6-1ST READING PORT 15-1ST RECHECK PORT

7-2ND READING PORT 16-2ND RECHECK PORT

B-3RD READING PORT 17-3RD RECHECK PORT

9-2ND ZERO RECHECK lB-4TH RECHECK PORT

M-MAIN MENU

SELECT READING

Fig. 3 The Readings Menu

Each clinometer is housed in an
all weather aluminum case, as shown in
Figure (5), and is connected to the
multiplexer via a 50 foot long cable
with an all weather connector, allowing
for remote placement. The 50 foot cable
length was chosen as it is the maximum
allowable length for accurate data
transmission without the use of signal
repeaters. The multiplexer is a four
channel code activated switch which is
connected to the RS232 communications
port of the laptop computer via a three
foot long cable. The multiplexer allows
the single computer to switch between
the three clinometers through use of
software commands. Power for the com-
puter is supplied by either an internal
rechargeable battery or a 110 volt AC
adapter. The electronic clinometers
and the multiplexer are powered by the
external rechargeable battery. The
capability of operating under battery
power was a requirement for all compon-
ents as a portable system is desired.



******* CAMS INCLINING REPORT *******

THE CLINOMETER

OBS

SHIP: USS NEVERSAIL

DATE OF INCLINING: 08-31-88

WEIGHTS: 1 1.71 Lt
2 1.70 Lt
3 1.74 Lt
4 1.57 Lt
5 1.30 Lt
6 1.59 Lt

SENSOR 1
UT # DIST MOMENT ANGLE TANGENT

(ft) (ft-Lt) (deg) (-Stbd)

0 0.00 0.00000
1 16.0 27.4 -0.87 -0.01519
1 16.0
3 16.0
5 16.0 76.0 -2.28 -0.03981
3 16.0
5 16.0 48.6 -1.47 -0.02566

0 0.01 0.00017
2 16.0 27.2 0.80 0.01396
2 16.0
4 16.0
6 16.0 77.7 2.28 0.03981
4 16.0
6 16.0 50.5 1.48 0.02584

SENSOR 2
ANGLE TANGENT
(deg) (-Stbd)

0.00 0.00000
-0.90 -0.01571

-2.26 -0.03946

-1.47 -0.02566
0.02 0.00035
0.79 0.01379

2.30 0.04016

1.50 0.02619

Fig. 4 A Typical Printed Inclining

within the

Within the clinometer case is a
microprocessor, a Program Read Only
Memory (PROM) computer chip and a
sensing unit. The clinometer electron-
ically converts a difference in capaci-
tance into a measurement of angular
position. When triggered, the clino-
meter's microprocessor runs the pro-
gram (stored in the PROM) reading the
difference in capacitance from the sen-
sor and converting this difference into
an angle output in the RS232 serial
communications format. The sensor and
its operation are described as follows:

"The sensor housing consists of
two, cast zinc chamber halves with a
common capacitor plate sandwiched be-
tween. The two sensor halves form
electrical ground plates equidistant
from the common capacitor plate that
isolates them. The capacitor is a cop-
per-plated plastic disc, which has been
chemically etched to create two, in-
dependent, capacitor plates. A parti-
tion in each sensor half electrically
isolates the plates, thus forming two
chambers in each sensor half. Each
chamber is filled with equal amounts
(by volume) of a dielectric liquid and
an inert gas. Slots at the top and
bottom of the partition permit equali-
zation of the fluid level and gas pres-
sure between the chambers.

"When the unit is rotated about
its sensitive axis, the liquid and gas

SENSOR 3
ANGLE TANGENT
(deg) (-Stbd)

0.00 0.00000
-0.91 -0.01588

-2.27 -0.03964

-1.46 -0.02548
0.02 0.00035
0.77 0.01344

2.31 0.04034

1.52 0.02654

Report

chambers move with respect
to the two common capacitance plates.
The liquid has a greater dielectric
constant than the gas, so if one common
plate is submerged more than the other,
it will exhibit higher capacitance.
Because of the constant radius (circu-
lar) shape, equal amounts of the
capacitor plates will be covered/un-
covered by the fluid as the sensor ro-
tates. This assures a linear change in
capacitance ratio and thus in output
signal.

"The clinometer contains integral
electronic circuitry to translate the
sensor's differential capacitance into
a usable output signa1[3]." The shape
of the capacitance plate is precisely
computer generated and a fluid mixture
with an exact dielectric constant, con-
ductivity, and viscosity is used to
produce the linearity and resolution
shown in Table I. Figure (6) shows the
configuration of the sensor housing and
capacitor plate.

TABLE I

CLINOMETER SPECIFICATIONS

Linearity 0 to 20 Deg ±O.05 Deg

20 to 60 Deg ±0.1 Deg

Resolution ±O.OO1 Deg

Range ±0 to 60 Deg
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Fig. 6 Exploded View of the Sensor
Housing and Capacitor Plate

CALIBRATION

Prior to an inclining experiment
the clinometers must be calibrated.
This is accomplished by placing the
clinometer on a level surface and ad-
justing an internal zero pot until the
clinometer reads zero degrees. Next, a
calibration block is placed beneath the
clinometer and an internal scale pot is
adjusted until the clinometer reads the
known angle of the calibration block.
The calibration block is then rotated
180 degrees and the clinometer reading
is checked to ensure consistency
between port and starboard readings.
Two calibration blocks have been fabri-
cated, with 2 degree
angles,

and 5 degree
for additional verification of

the linearity of the scale adjustment.

5A-24

Both the zero pot and the scale
pot are located inside the clinometer's
protective case which must be removed
for access. The calibration is, there-
fore, performed in the office rather
than on-site. This has proven to be
quite satisfactory. Once the clino-
meters have been properly calibrated,
no drift has been found in either the
zero or scale, even after repeated cal-
ibration checks over a period of sev-
eral months. Even though adjustments
may not have to be made, the calibra-
tion is checked prior to use on each
experiment.

A sub-routine in the computer pro-
gram is provided for this calibration.
With this routine the clinometer to be
calibrated is selected and triggered
repeatedly. The individual angle read-
ings are displayed on the computer
screen allowing for feedback as the
zero pot or scale pot are adjusted.

DATA ACQUISITION METHODS

All data acquisition is controlled
by the laptop computer running the menu
driven computer program. The program
provides and controls all channel se-
lection signals to the multiplexer and
trigger signals to the clinometers.
The program sequences the proper
signals to the multiplexer and the
clinometers to facilitate the reading
of the sensors in as simultaneous a
manner as possible. The program also
times the trigger signals to the clino-
meters to ensure triggering of each
clinometer's internal sensor reading
routine at the optimum frequency.

The sequencing of the program is
as follows:

1. Channel 1, for
is selected.

2. Ten individual
taken.

3. Checks are made
vidual readings

clinometer 1,

readings are

on the indi-
so erroneous

data is disregarded. The
acceptable data is then
averaged.

4. Channel 2, for clinometer 2,
is selected.

5. Ten readings are taken,
checked and averaged.

6. Channel 3, for clinometer 3,
is selected.

7. Ten readings are taken,
checked and averaged.

8. Reiterate starting at Step 1.



After five iterations of this loop the
five readings are averaged, the inclin-
ing angle reading is established and is
displayed on the computer screen and
saved to the floppy disk.

At the start of an inclining ex-
periment an initial reading is taken at
a condition of zero inclining moment.
This reading is then used to compute
the change in angle, and its tangent,
for subsequent readings in the various
heeled conditions. Using this method
precludes the necessity for adjusting
the clinometers to read a zero angle or
to be placed on level structures.

COMPARISONS WITH OTHER EQUIPMENT

Pendulums

A typical pendulum arrangement is
shown in Figure (7). Three such assem-
blies must be fabricated and then
installed on the vessel at a consider-
able expenditure of man-hours. It is
often difficult to find suitable loca-
tions for pendulums which must have a
length of 10 feet or more in order to
produce the 6 inch minimum deflection
at maximum moment required by Reference
[ 2 ] . This is especially difficult on
smaller vessels. Many times the only
suitable locations on any vessel are
narrow vertical trunks making access
for the pendulum reader and providing
adequate lighting difficult. Installa-
tion and removal of the damping oil is
also complicated by tight spaces.
Access for accurate measurement of the

Fig. 7 A Typical Pendulum Assembly
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pendulum length can be hampered by the
pendulum being suspended under a hatch.
Communication must also be provided
between the three pendulum readers and
the inclining supervisor.

The accuracy of a pendulum reading
is largely dependent on the reader's
experience and ability to average the
pendulum's swing "by eye" and pick the
mean of the swing to mark as the
reading. There are also errors assoc-
iated with measurement of the pendulum
length and the marked deflection.

The CAMS requires very little
time, effort or space for set-up. No
vertical trunks are required and the
computer can be set up next to the tan-
gent plot table allowing one person to
take all of the angle readings and con-
struct the plot of tangents. A minimum
of four personnel are required to per-
form these functions when pendulums are
used. Pendulums must be set-up the day
before the inclining by several people
taking much of the day and inhibiting
shin's force in their activities.
Set-up on the CAMS requires only about
30 minutes of one person's time on the
day of the inclining. The CAMS saves
all of the angle readings along with
data for weights and their movements
while the only permanent record pro-
vided by a pendulum are deflection
marks on the batten which make up only
half of each reading.

Tangent Inclinometers

Figure (8) shows the configuration
of a typical mechanical tangent inclin-
ometer. These devices were developed
by the U. S. Navy in the 1940's and
have been used predominantly for the
inclining of U. S. Navy ships. The
tangent inclinometer is essentially a
short (usually 10 inches long), hori-
zontal pendulum. Three large radius
spirit vials are used to establish
level for the instrument. Three dif-
ferent radii are provided for coarse
and fine adjustment. The unit is
placed on a sturdy table or solid
structure on the ship and is leveled
for the initial zero reading by means
of two screw feet. For each heel angle
during the inclining, the top plate is
re-leveled by using the graduated wheel
at the right which turns a threaded rod
through the top plate. The left end of
the top plate acts as a pivot. The
reading is the tangent of the angle and
is determined from the position of the



graduated wheel in relation to the ver-
tical scale after re-leveling. An
accuracy similar to that of a pendulum
is achieved through holding very close
tolerances in the machining of the var-
ious metal parts.

It is these close tolerances that
cause the cost of building one tangent
inclinometer to exceed the cost of all
of the components of the CAMS together.
Three tangent inclinometers would be
required for an inclining experiment.
The tangent inclinometer also provides
no means for direct recording of the
angle data like the CAMS and each tan-
gent inclinometer requires an experi-
enced individual reader and communi-
cations like those required for
pendulums.

Fig. 8 A Typical Tangent Inclinometer

Other Electrical/Electronic Clinometers

Several electrical and electronic
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angle sensing devices were investigated
during the development of the CAMS.
The particular clinometer used in the
CAMS was selected because it was the
only device found which could provide
for computerization of the system,
direct saving of numerical values and
portability through battery powering,
all at a reasonable cost while pro-
viding a greater accuracy than any of
the other devices considered.

CONCLUSIONS

The CAMS is a very accurate, cost
effective, and easy to use angle
measurement tool for inclining experi-
ments. It is easier, cleaner and less
expensive to install and more portable
than pendulums. It also takes less
manpower to use and provides for more
complete and permanent data recording
than either pendulums or tangent
inclinometers. The CAMS has been used
during inclining experiments on several
U. S. Navy ships under the cognizance
of the Naval Sea Systems Command
(NAVSEA). With CAMS, the inclining
experiment has entered the computer
age.
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